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Abstract. We calculate the electric dipole form factor of the neutron in a pertur-
bative chiral quark model, parameterizing CP-violation of generic origin by means
of effective electric dipole moments of the constituent quarks and their CP-violating
couplings to the chiral fields. We discuss the relation of these effective parameters to
more fundamental ones such as the intrinsic electric and chromoelectric dipole moments
of quarks and the Weinberg parameter. From the existing experimental upper limits
on the neutron EDM we derive constraints on these CP-violating parameters.
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1. Introduction
The origin and manifestations of CP violation have been important issues in particle
physics since its discovery in neutral kaon decays in 1964 [1]. So far CP violation has
been observed only in K and B hadron decays [2], results that are consistent with
the Kobayashi-Maskawa formulation of a complex quark mixing matrix [3], within the
Standard Model (SM) of electroweak interactions. However, CP violation is not only
important in hadron decays but it is also an inevitable ingredient for the generation
of the observed baryon asymmetry of the Universe [4]. Yet, the observed CP violation
within the SM is by far insufficient to explain it. This evidence is pointing to physics
beyond the SM, whose contribution to CP violation in the K and B systems may be
irrelevant but should be dominant for the Universe’s baryon asymmetry. Thus, there
are powerful motivations to study all possible CP odd observables and distinguish its
underlying sources. Among those observables, a great deal of effort has been directed to
the study of the electric dipole moment (EDM) of leptons, neutrons and neutral atoms.
Both SM and various non-SM sources of CP violation have been considered (for recent
reviews see e.g. Ref. [5, 6]). These studies have been particularly stimulated by the
expectation of great improvements (2 to 4 orders of magnitude) in the experimental
sensitivities to EDMs in the next decade (for review see Ref. [6]).
As it is well known, there are two sources of CP-violation within the SM:
the complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the weak
interaction sector, and the θ-term in the strong interaction sector [7]-[10]. On the
one hand, the complex phase of the CKM matrix is well established and provides a
consistent explanation of the observed CP odd effects in hadron decays, but predicts
an imperceptible contribution to the EDMs, far below the sensitivity of present or
foreseeable experiments. Indeed, the CKM prediction for the neutron EDM, dn, ranges
from 10−31 to 10−33 e·cm [11] while its present experimental upper limit [12] is
|dn| < 0.63× 10
−25 e · cm . (1)
On the other hand, the presence of a θ-term is still an open issue; it leads to a sizable
neutron electric dipole moment [13, 14] and may significantly contribute to atomic
EDMs, while it is insignificant for CP violation in hadron decays. Indeed, the non-
observation of EDM for the neutron imposes a very strict upper bound on the value
of θ, of the order of 10−10. This unnaturally small value of θ, which is otherwise not
restricted by theory, is called the strong CP problem. One elegant solution was proposed
by Peccei and Quinn (PQ) [15], which makes the θ parameter to vanish dynamically.
Other important contributions to the atomic and neutron EDMs may arise from physics
beyond the SM.
In the calculations of atomic and neutron EDMs one faces the problem of translation
of the CP violation mechanism formulated at the quark-gluon level, to the processes
at the hadronic or atomic level. This translation must resort to hadronic and nuclear
models and perform a careful treatment of the effects from the cloud of atomic electrons.
The validity of the estimates then depends on the validity of these models.
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The purpose of the present work is to use the PCQM model to calculate the
neutron EDM and electric dipole form factor (EDFF) induced by the standard CP-
odd QCD θ-term as well as by generic CP-violating effective interactions arising from
physics beyond the SM. The latter correspond to effective quark-photon and quark-
gluon interactions induced by intrinsic electric and chromoelectric dipole moments of
the constituent quarks and the Weinberg gluon operator at a more fundamental level.
In the present paper we do not discuss concrete mechanisms for the generation of these
CP-odd interactions, but concentrate on the hadronic structure aspects of the derivation
of the neutron EDM in terms of these generic CP-violating parameters at low energies.
The problem of the neutron EDM has been studied within different theoretical
approaches: current algebra and chiral perturbation theory [14, 16, 17, 18], chiral quark
models [19]-[21], lattice QCD [22, 23], QCD sum rules [24, 25], an approach based
on solutions of Schwinger-Dyson and Bethe-Salpeter equations [26], etc. We use the
PCQM which describes baryons as bound states of three relativistic valence quarks
confined in a static potential and supplemented by a cloud of pseudoscalar Goldstone
bosons, as required by chiral symmetry. This model has already been successfully
applied to the charge and magnetic form factors of baryons, ground state masses of
baryons, the electromagnetic N -∆ transition, meson-nucleon sigma-terms and other
baryon properties [27].
This paper is organized as follows. Sect. 2 contains a brief review of the PCQM.
In Sect. 3 we apply the PCQM calculation of the EDFF and the EDM of the neutron
induced by the individual EDMs of the quarks and their CP-violating couplings to the
chiral fields. In Sections 4 we extract constraints for the corresponding quark EDMs
and CEDMs from the existing experimental limits on the neutron EDM and discuss the
phenomenological implications of our results.
2. The Perturbative Chiral Quark Model
The basis of the perturbative chiral quark model (PCQM) [27] is an effective chiral
Lagrangian describing the valence quarks of baryons as relativistic fermions moving in
an external field (static potential)
Veff(r) = S(r) + γ
0V (r), with r = |~x|, (2)
which in the SU(3)-flavor version are supplemented by a cloud of Goldstone bosons
(π,K, η). Treating Goldstone fields as small fluctuations around the three-quark core,
the linearized effective Lagrangian is written as:
Leff(x) = q¯(x)[i 6∂ − S(r)− γ
0V (r)]q(x) +
1
2
8∑
i=1
[∂µΦi(x)]
2
+ L
str(1)
I (x) + LχSB(x), (3)
where we explicitly defined the linearized coupling of Goldstone bosons to quarks as:
L
str(1)
I (x) = −q¯(x)iγ
5 Φˆ(x)
F
S(r)q(x) . (4)
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The additional term LχSB in Eq. (3) contains the mass contributions both for quarks
and mesons, which explicitly break chiral symmetry:
LχSB(x) = −q¯(x)Mq(x)−
B
2
Tr[Φˆ2(x)M] . (5)
Here, Φˆ =
8∑
i=1
Φiλi is the octet matrix of pseudoscalar mesons, F = 88 MeV is the
pion decay constant in the chiral limit, M = diag{mˆ, mˆ,ms} is the mass matrix
of current quarks (we restrict to the isospin symmetry limit mu = md = mˆ) and
B = − < 0|u¯u|0 > /F 2 is the quark condensate constant. We rely on the standard
picture of chiral symmetry breaking and for the masses of pseudoscalar mesons we use
the leading term in their chiral expansion (i.e. linear in the current quark mass):
M2π = 2mˆB, M
2
K = (mˆ+ms)B, M
2
η =
2
3
(mˆ+ 2ms)B .
In our analysis we use the following set of parameters:
mˆ = 7 MeV, ms = 25mˆ, B =M
2
π+/2mˆ = 1.4 GeV . (6)
The meson masses satisfy the Gell-Mann-Oakes-Renner and Gell-Mann-Okubo relations.
In addition, the linearized effective Lagrangian fulfills PCAC. The properties of baryons,
which are modeled as bound states of valence quarks surrounded by a meson cloud, are
then derived using perturbation theory. At zeroth order, the unperturbed Lagrangian
simply describes a nucleon as three relativistic valence quarks which are confined by
an effective one-body static potential Veff(r) in the Dirac equation. We denote the
unperturbed three-quark ground-state as |φ0〉, with the normalization 〈φ0|φ0〉 = 1. We
expand the quark field q in the basis of eigenstates generated by this potential as
q(x) =
∑
α
bαuα(~x) exp(−iEαt) (7)
where the quark wave functions {uα} in orbits α are the solutions of the Dirac equation
including the potential Veff(r). The expansion coefficients bα are the corresponding single
quark annihilation operators. All calculations are performed at an order of accuracy
O(1/F 2, mˆ,ms). In the calculation of matrix elements, we project the quark diagrams
on the respective baryon states. The baryon states are conventionally set up by the
product of SU(6) spin-flavor and SU(3)c color wave functions, where the nonrelativistic
single quark spin wave function is replaced by the relativistic solution uα(~x) of the Dirac
equation.
In our description of baryons we use the effective potential of Eq. (2), which is given
by a sum of a scalar potential S(r) providing confinement and the time component of a
vector potential γ0V (r). Obviously, other possible Lorenz structures (e.g., pseudoscalar
or axial) are excluded by symmetry principles. It is known from lattice simulations that
a scalar potential should be a linearly rising one and the vector potential is thought
to be responsible for short-range fluctuations of the gluon field configurations [28]. In
our study we approximate Veff(r) by a relativistic harmonic oscillator potential with a
quadratic radial dependence [27]
S(r) =M1 + c1r
2 , V (r) = M2 + c2r
2 . (8)
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The model potential defines unperturbed wave functions for the quarks, which are sub-
sequently used to calculate baryon properties. This potential has no direct connection to
the underlying physical picture and is thought to serve as an approximation of a realistic
potential. Notice that this type of potential was extensively used in chiral potential
models [29]-[31]. A positive feature of this potential is that most of the calculations can
be done analytically. As was shown in Refs. [29]-[31] and later on also checked in the
PCQM [27], this effective potential gives a reasonable description of baryon properties
and can be treated as a phenomenological approximation of the more fundamental forces
dictated by QCD.
The use of a variational Gaussian ansatz for the effective potential (8) gives the
following solution for the ground state (for the excited quark states we proceed by
analogy):
u0(~x) = N exp
[
−
~x 2
2R2
] ( 1
iρ ~σ~x
R
)
χs χf χc , (9)
where N = [π3/2R3(1 + 3ρ2/2)]−1/2 is a normalization constant, and χs, χf , χc are the
spin, flavor and color quark wave functions, respectively. The parameter ρ, setting the
strength of the ”small component”, can be related to the axial charge gA of the nucleon.
In the leading order (3-quark-core) approximation, this relation is [27]
gA =
5
3
(
1−
2ρ2
1 + 3
2
ρ2
)
. (10)
The parameters of the effective potential Veff can also be expressed in terms of ρ and R:
M1 =
1 − 3ρ2
2 ρR
, M2 = E0 −
1 + 3ρ2
2 ρR
, c1 ≡ c2 =
ρ
2R3
. (11)
Here, E0 is the single-quark ground-state energy. In our calculations we use the value
gA=1.25. Therefore, we have only one free parameter in the model, R. In our numerical
study, R is varied in the region from 0.55 fm to 0.65 fm, which is set and constrained
by nucleon phenomenology [27]. Such a variation of the parameter R slightly changes
the physical quantities up to 5% [27]. In this paper we also test the sensitivity of the
neutron EDM to a variation of R.
The expectation value of an operator Aˆ is defined as
〈Aˆ〉 =B〈φ0|
∞∑
n=1
in
n!
∫
d4x1 . . .
∫
d4xnT [LI(x1) . . .LI(xn)Aˆ]|φ0〉
B
c (12)
where LI is the full interaction Lagrangian which may contain both CP-even and CP-
odd terms, as discussed below. The superscript “B” in Eq. (12) indicates that the
matrix elements are projected on the respective baryon states and the subscript “c”
refers to contributions from connected graphs only.
For the evaluation of Eq. (12) we apply Wick’s theorem with the appropriate
propagators for quarks and mesons. For the quark field we use a vacuum Feynman
propagator for a fermion in a binding potential. In the calculation of meson-quark loops
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we include only the ground state in the quark propagator, which leads to the following
truncated form:
iGq(x, y) = 〈0|T{q(x)q¯(y)}|0〉 → θ(x0 − y0)u0(~x)u¯0(~y)e
−iE0(x0−y0) . (13)
Notice that in our previous papers [27] we estimated explicitly the contribution of
the low-lying excited quark states in the quark propagator to the physical quantities.
Their contribution is about 10 to 15% with respect to the ground state contribution.
Therefore, a restriction of the quark propagator to the ground states is a reasonable
approximation. For completeness we also calculate the corrections to the neutron EDM
due to the inclusion of excited quark states: the first p-states (1p1/2 and 1p3/2 in the
non-relativistic notation) and the second excited states (1d3/2, 1d5/2 and 2s1/2), i.e. we
restrict to the low-lying excited states with energies smaller than the typical scale of
Λ = 1 GeV of low-energy approaches.
For the meson fields we use their free Feynman propagators:
i∆ij(x− y) = 〈0|T{Φi(x)Φj(y)}|0〉 = δij
∫
d4k
(2π)4i
exp[−ik(x− y)]
M2Φ − k
2 − iǫ
. (14)
3. The neutron electric dipole Form Factor and Moment in the PCQM
Here we apply the above described PCQM model to the calculation of the electric dipole
form factor (EDFF) and moment (EDM) of the neutron. In this model, having the
constituent quarks and pseudoscalar mesons as basic degrees of freedom, the effective
chiral CP-odd Lagrangian at low energies can be written in the following generic form
L
(1)
CPV (x) = −
i
2
q¯(x)dq σ
µν γ5 q(x)Fµν(x) + i q¯(x) e
iγ5Φˆ(x)/(2F ) γ5 hq e
iγ5Φˆ(x)/(2F ) q(x)
= −
i
2
q¯(x)dq σ
µν γ5 q(x)Fµν(x) + i q¯(x) γ5 hq q(x)
−
1
2F
q¯(x) {hq , Φˆ(x)} q(x) +O(Φˆ
2) , (15)
where Fµν is the electromagnetic field strength tensor, the symbol { , } denotes
anticommutator, dq = diag(du, dd, ds) and hq = diag(hu, hd, hs) are diagonal matrices
of the effective EDMs of the constituent quarks and their CP-violating couplings to the
chiral fields, respectively. In Eq. (15) we expanded the quark-meson term in powers of
Φˆ/F and kept the leading non-trivial term linear in Φˆ. It turns out that the first term
in this expansion does not contribute to the EDFF at one loop because the diagrams
involving this vertex do not contain the required spin-flip structure ~σN · ~q, the product
of the neutron spin operator ~σN and of the 3-momentum of the photon ~q. Therefore, in
the following we keep only the linear term in Φˆ in Eq. (15).
We assume that the quark-meson Lagrangian (15) originates from a more funda-
mental level of quark and gluon CP-odd interactions, so that the effective parameters
dq and hq can be related to those more fundamental CP-odd parameters. We discuss
these questions in section 4.
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Now, we calculate the neutron EDFF, Dn(Q
2), starting from the Lagrangian (15).
The EDFF is defined in the standard way through the neutron matrix element of the
electromagnetic current as
〈n(p′)| Jµ(0) |n(p)〉 = u¯n(p
′)
[
γµ F (1)n (Q
2) +
i
2mN
σµν qν F
(2)
n (Q
2) (16)
− σµν γ5 qν Dn(Q
2) + (γµ q2 − 2mN q
µ) γ5An(Q
2)
]
un(p) ,
where, in addition to Dn(Q
2), F
(1)
n (Q2) and F
(2)
n (Q2) are the well-known CP -even
neutron electromagnetic form factors and An(Q
2) is the neutron anapole moment form
factor. The neutron EDM, dn, is defined as the value of the neutron EDFF at zero
recoil, namely dn = Dn(0).
To guarantee electromagnetic gauge invariance in non-covariant approaches (see
discussion in Refs. [32, 27]) we have to work in the Breit frame, which defines the
momenta of the transferred photon and the initial and final neutron states respectively
as
q = (0, ~q ) , p = (E,−~q/2) , p′ = (E, ~q/2) , (17)
where E =
√
m2N + ~q
2/4 is the nucleon energy, mN the nucleon mass, and q
2 ≡ −Q2 =
−~q 2 the momentum transfer squared. We can now use Eq. (16) in the Breit frame and
our model w.f. of Eq. (9) to extract the form factor Dn(Q
2) as the term in 〈J 0(0)〉
proportional to ~σN · ~q, namely
〈J 0(0)〉 =
E
mN
χ†
N
s′
i ~σN · ~q χNs Dn(Q
2) + . . . .
Here χNs and χ
†
N
s′
are the nucleon spin w.f. in the initial and final state, and
〈J0(0)〉 = 〈n(p′)|
∞∑
n=1
in
n!
∫
d4x1 . . .
∫
d4xnT [LI(x1) . . .LI(xn)J
0(0)]|n(p)〉c , (18)
where LI is the full interaction Lagrangian and the subscript “c” refers to connected
graphs only. In PCQM, the electromagnetic current operator
J µ(x) = J µΦ (x) + J
µ
CPV (x) (19)
contains a CP-conserving electromagnetic part, given in terms of the charged pseudo-
scalar meson fields:
JµΦ(x) = e
[
π−(x) i∂µπ+(x) + K−(x) i∂µK+(x)
]
+ h.c. (20)
and a CP-violating part involving the quarks:
J µCPV (x) = i ∂ν
[
q¯(x)dq σ
µν γ5 q(x)
]
, (21)
which is derived from the Lagrangian (15). The interaction Lagrangian LI in Eq. (18)
up to one loop order is the linearized strong interaction Lagrangian between quark and
chiral fields, which consists of the CP-conserving interaction given in Eq. (4) and the
CP-violating Lagrangian of Eq. (15):
LI(x) = −q¯(x)iγ
5 Φˆ(x)
F
S(r)q(x) −
1
2F
q¯(x) {hq, Φˆ(x)} q(x). (22)
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Up to one loop, the neutron EDFF receives contributions from three types of effective
diagrams, shown in Fig. 1: the “h-terms” (Fig. 1a), which are proportional to the CP-
violating couplings hq of Eq. (22), the “tree-level terms” (Fig. 1b) and the “one-loop
corrections” (Fig. 1c), both due to the CP-violating current of Eq. (21) and proportional
to the couplings dq. The diagrams in Figs. 1a and 1c encode the chiral corrections to the
neutron EDM. The diagram in Fig. 1a has contributions from charged pion and kaon
clouds, while the diagram in Fig. 1c contains contributions from π, K and η-meson
clouds.
The total contribution of Fig. 1a to the neutron EDFF is then composed by charged
pion and Kaon clouds as:
D[h]n (Q
2) =
∑
Φ=π,K
D[h;Φ]n (Q
2) , D[h;Φ]n (Q
2) ≡ d[h;Φ] F [h;Φ](Q2) (23)
where the normalization F [h;Φ](0) = 1 defines d[h;Φ] as the contributions of the charged
π and K clouds of Fig.1a to the neutron EDM:
d[h;Φ]n ≡ D
[h;Φ]
n (0) = e c
[h;Φ] gπNN g¯ΦNN
2mN
∫
d3k
(2π)3
FπNN (~k
2) F¯πNN(~k
2)
w3Φ(
~k )
(24)
and F [h;Φ](Q2), the form factor normalized to unity at zero recoil is given by:
F [h;Φ](Q2) =
I [h;Φ](Q2)
I [h;Φ](0)
, (25)
I [h;Φ](Q2) =
mN
E
∫
d3k
(2π)3
FπNN [(~k + ~q )
2] F¯πNN(~k
2)
wΦ(~k + ~q )wΦ(~k)
2
wΦ(~k + ~q ) + wΦ(~k )
Here Φ = π or K, wΦ(~q ) =
√
M2Φ + ~q
2 is the meson energy, and c[h;Φ] is the SU(6) spin-
flavor factor, which is c[h;π] = 1/2 for the pion-loop and c[h;K] = 1/5 for the kaon-loop
diagram.
The expression for d
[h;Φ]
n in Eq. (24) is written in terms of the known πNN coupling
which satisfies the Goldberger-Treiman relation
gπNN = gA
mN
F
, (26)
(where gA = 1.25 is the axial nucleon charge) and the CP-violating couplings g¯ΦNN ,
which are:
g¯πNN =
hu + hd
2F
γ , g¯KNN =
hu + hs
2F
γ. (27)
Here γ is the isovector-scalar two-quark condensate in the nucleon, given by:
〈N |q¯τ3q|N〉 = γ u¯Nτ3uN . (28)
This factor γ coincides with the so-called relativistic reduction factor [27]. In the PCQM,
γ = 5/8 [27]. Finally, FπNN and F¯πNN are the normalized CP-conserving and CP-
violating form factors that appear in PCQM [27], and which regularize the divergent
loop integral:
FπNN(~k
2) = exp(−~k 2R2/4)
[
1 +
~k 2R2
8
(
1−
5
3gA
)]
, (29)
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and
F¯πNN(~k
2) = exp(−~k 2R2/4)
[
1 +
~k 2R2
4
1− 3gA/5
9gA/5− 1
]
(30)
Now, it is worth checking if our result for the pion-cloud contribution to d
[h;π]
n in Eq. (24)
is consistent with the model-independent prediction derived in Ref. [14] for the leading
term in the chiral expansion:
d¯[h;π]n = e
gπNN g¯πNN
4 π2mN
log
mN
Mπ
. (31)
To this end, we drop the normalized form factors FπNN and F¯πNN in Eq. (24) by
substituting FπNN = F¯πNN = 1, and analyze this equation using alternatively cutoff or
dimensional regularizations. Both methods of regularization give the same result, which
also coincide with Eq. (31). Therefore, our approach is consistent with QCD in the local
limit, when FπNN = F¯πNN = 1. The nontrivial form factors FπNN and F¯πNN provide an
ultraviolet convergence for the EDM. Notice that Eq. (31) has been derived in ChPT
when the strong CP-violating πNN coupling constant g¯πNN is defined by the θ-term.
This result is also valid for general CP-violating couplings. The difference is encoded in
the redefinition of
g¯πNN(θ¯) = θ¯
m¯
F
γ → g¯πNN(hu, hd) =
hu + hd
2F
γ . (32)
The leading contribution of the kaon-cloud diagram is also proportional to the chiral
logarithm but contains a model-dependent coefficient c[h;K] = 1/5:
d¯[h;K]n = c
[h;K] e
gπNN g¯πNN
4 π2mN
log
mN
MK
. (33)
We remark that the coefficient c[h;K] was calculated previously in Heavy Baryon Chiral
Perturbation Theory (HBChPT) [17], where it was expressed through the parameters
of the chiral Lagrangian as:
c[h;K] =
D − F
D + F
bF − bD
bF + bD
. (34)
Here D and F are the axial-vector couplings, and bD and bF are low-energy constants.
Using the actual values [17] D = 0.80 and F = 0.46 fixed from a fit of semileptonic
hyperon decays, and bD = 0.079 GeV
−1, bF = −0.316 GeV
−1 determined from the
calculation of baryon masses and the π-N sigma-term up to fourth order in the chiral
expansion, we deduce the prediction of HBChPT for c[h;K] = 0.45. This is more than a
factor two larger than the prediction of our model.
Now, let us examine the diagram Fig. 1b. In this calculation we use the well-known
quark model formula for the projection of the spin-flavor part of the Lagrangian (15)
between neutron states:
〈n ↑ |
3∑
i=1
(dq)i (~σ · qˆ )i |n ↑〉 =
4
3
dd −
1
3
du , (35)
where the sum is over the constituents, dq is a diagonal 2× 2 flavor matrix of the quark
EDMs, qˆ = ~q/|~q | is the unit vector along the momentum ~q, and ~σ are the Pauli matrices
in spin space.
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Then the contribution of the diagram in Fig. 1b (a tree-level contribution) to the
neutron EDFF is given by
D[d;tree]n (Q
2) =
(
4
3
dd −
1
3
du
) (
1
2
+
3
10
gA
)
F [d](Q2) , (36)
F [d](Q2) =
mN
E
exp(−Q2R2/4)
[
1 +
Q2R2
4
1− 3gA/5
1 + 3gA/5
]
,
where F [d](0) = 1.
Finally, we present the loop correction diagram of Fig. 1c. This one has three
contributions: from π, K and η loops, which we denote as:
D[d;loop]n (Q
2) = D[d;π]n (Q
2) +D[d;K]n (Q
2) +D[d;η]n (Q
2) , (37)
and where each meson loop contribution is given by:
D[d;Φ]n (Q
2) = −c[d;Φ]
g2πNN
200 m2N
F [d](Q2)
∫
d3k
(2π)3
~k 2
F 2πNN(
~k 2)
w3Φ(
~k )
, Φ = π,K, η.
Here c[d;Φ] are SU(6) spin-flavor factors: c[d;π] = 7du + 2dd , c
[d;K] = 6ds and c
[d;η] =
4du/3− dd/3.
The total neutron EDFF, up to one loop in the chiral expansion, is then given by
the tree level contributions of Fig. 1.b and the loop contributions of Figs. 1.a and 1.c:
Dn(Q
2) = D[tree]n (Q
2) + D[loop]n (Q
2) ,
D[tree]n (Q
2) ≡ D[d;tree]n (Q
2) , (38)
D[loop]n (Q
2) ≡
∑
Φ=π,K
D[h;Φ]n (Q
2) +
∑
Φ=π,K,η
D[d;Φ]n (Q
2) ,
where
D[d;tree]n (Q
2) = a[tree]
(
4
3
dd −
1
3
du
)
F [d](Q2) ,
D[d;π]n (Q
2) = a[π]
(
7
9
du +
2
9
dd
)
F [d](Q2) ,
D[d;K]n (Q
2) = a[K] ds F
[d](Q2) ,
D[d;η]n (Q
2) = a[η]
(
4
3
du −
1
3
dd
)
F [d](Q2) , (39)
D[h;π]n (Q
2) =
e
Λ2χ
b[π]
(
1
2
hu +
1
2
hd
)
F [h;π](Q2) ,
D[h;K]n (Q
2) =
e
Λ2χ
b[K]
(
1
2
hu +
1
2
hs
)
F [h;K](Q2) ,
where in the contributions of the diagram in Fig. 1a, for convenience, we use the
dimensional parameter, Λχ = 4πFπ ≃ 1.2 GeV, the scale of spontaneously broken chiral
symmetry, where Fπ = 92.4 MeV. The corresponding numerical coefficients a
[tree] = 7/8,
a[π] = 3 × 10−2, a[K] = 6.3 × 10−3, a[η] = 8.5 × 10−4, b[π] = 2.92 and b[K] = 0.10 are
obtained from the evaluation of Eqs. (24), (36) and (37).
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It is convenient to separate the contributions from the individual quarks as:
Dn(Q
2) ≡
∑
q=u,d,s
Dn,q(Q
2) =
∑
q=u,d,s
[
∆[d]q dq F
[d](Q2) + ∆[h]q h˜q F
[h]
q (Q
2)
]
, (40)
where we define h˜q = (e/Λ
2
χ) hq and
F [h]u (Q
2) =
b[π] F [h;π](Q2) + b[K] F [h;K](Q2)
b[π] + b[K]
,
F
[h]
d (Q
2) = F [h;π](Q2) , (41)
F [h]s (Q
2) = F [h;K](Q2).
The coefficients ∆
[d]
q and ∆
[h]
q are:
∆[d]u = −
1
3
a[tree] −
7
9
a[π] −
4
3
a[η] = −0.316 ,
∆
[d]
d =
4
3
a[tree] −
2
9
a[π] +
1
3
a[η] = 1.16 ,
∆[d]s = − a
[K] = −0.006 , (42)
∆[h]u =
1
2
b[π] +
1
2
b[K] = 1.51 ,
∆
[h]
d =
1
2
b[π] = 1.46 ,
∆[h]s =
1
2
b[K] = 0.05 .
The numerical results for the θ-term contribution to the neutron EDFF (including the
pion and kaon loops) are shown in Fig. 2. In Fig. 3 we plot the Q2-dependence of the d
quark contributions to the neutron EDFF arising from its individual EDM, dd, as well
as its CP-violating coupling to mesons, hd, contained in the first and second terms of
Eq. (40), respectively. Since the values of dd and h˜q and their relative signs are not
known, we display these two types of contributions separately, in terms of normalized
form factors: F
[d]
n,d(Q
2) = ∆
[d]
d F
[d](Q2) for the individual d quark EDM contribution,
and F
[h]
n,d(Q
2) = ∆
[h]
d F
[h]
d (Q
2) for the d quark contribution via its CP-violating coupling
to mesons.
The neutron EDM, dn, is then obtained by definition as the neutron EDFF at zero
recoil. Using F [d](0) = 1 and F
[h]
q (0) = 1, for q = u, d, s, the resulting EDM can also be
expressed in terms of the individual quarks EDMs dq and CP-violating couplings h˜q, as:
dn =
∑
q=u,d,s
[ ∆[d]q dq + ∆
[h]
q h˜q ] , (43)
with the coefficients ∆
[d]
q and ∆
[h]
q given in Eq. (42).
Another CP-odd parameter which may have important implications for CP-
violation in atoms is the electron-neutron Schiff moment S ′, related to the neutron
EDM form factor Dn(Q
2) by [33]
S ′ = −
[
dDn(Q
2)
dQ2
]
Q2=0
. (44)
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From the expression (38)-(42) we obtain:
S ′ = S ′ [h] + S ′ [d] , (45)
where
S ′ [h] = e
∑
Φ=π,K
c[h;Φ]
gπNN g¯ΦNN
2mN
∫
d3k
(2π)3
FπNN(~k
2) F¯πNN(~k
2)
w3Φ(
~k )
×
[ 3
4w2Φ(
~k )
−
5
6
~k 2
w4Φ(
~k )
+
1
8m2N
−
M2Φ
w2Φ(
~k )
F ′πNN(
~k 2)
FπNN(~k 2)
−
2
3
~k 2
F ′′πNN(
~k 2)
FπNN(~k 2)
]
is the contribution of the diagram in Fig. 1a and
S ′ [d] =
[(
4
3
dd −
1
3
du
) (
1
2
+
3
10
gA
)
−
∑
Φ=π,K,η
c[d;Φ]
g2πNN
200 m2N
∫
d3k
(2π)3
~k 2
F 2πNN(
~k 2)
w3Φ(
~k )
]
×
[
1
8m2N
+
3
2
R2
gA
1 + 3gA/5
]
≡
∑
q=u,d,s
∆[d]q dq
[
1
8m2N
+
3
2
R2
gA
1 + 3gA/5
]
is the contribution of the diagrams in Figs. 1b and 1c. Here F ′πNN and F
′′
πNN are the
first- and second-order derivatives of the FπNN form factor with respect to ~k
2.
Again, as for the case of the EDM, we can show that our Schiff moment is consistent
with the ChPT results in leading order of the chiral expansion. As in the case of
the neutron EDM, we drop the normalized form factors FπNN and F¯πNN in Eq. (45),
substituting FπNN = F¯πNN = 1 and, therefore, F
′
πNN = F
′′
πNN = 0. Then we analyse
the leading term in the chiral expansion (which is ultraviolet convergent):
S¯ ′ = e
∑
Φ=π,K
c[h;Φ]
gπNN g¯ΦNN
2mN
∫
d3k
(2π)3
1
w5Φ(
~k )
[3
4
−
5
6
~k 2
w2Φ(
~k )
]
. (46)
A straightforward calculation of the integral (46) gives
S¯ ′ = e
∑
Φ=π,K
c[h;Φ]
gπNN g¯ΦNN
48 π2mN M
2
Φ
. (47)
In the case when we restrict Eq. (47) to the contribution of the pion-cloud, our result
coincides with the leading order result of ChPT [33, 34]:
S¯ ′ = e
gπNN g¯πNN
48 π2mN M2π
. (48)
Let us now present our results for the electron-neutron Schiff moment S ′ in terms of the
partial contributions:
(a) Diagram in Fig. 1a: partial π and K meson loop contributions
S ′ [d;π] = 16.22 GeV−2 ×
[1
2
h˜u +
1
2
h˜d
]
, S ′ [h;K] = 0.21 GeV−2 ×
[1
2
h˜u +
1
2
h˜s
]
. (49)
(b) Diagram in Fig. 1b: tree-level result
S ′ [d;tree] = 8.79 GeV−2 ×
[4
3
dd −
1
3
du
]
. (50)
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(c) Diagram in Fig. 1c: partial π, K and η meson loop contributions
S ′ [d;π] = − 0.31 GeV−2 ×
[7
9
du +
2
9
dd
]
,
S ′ [d;K] = − 0.06 GeV−2 × ds , (51)
S ′ [d;η] = − 0.01 GeV−2 ×
[4
3
du −
1
3
dd
]
.
Next we summarize our result for the Schiff moment in terms of the individual quarks
EDMs dq and CP-violating couplings h˜q, as:
S ′ =
∑
q=u,d,s
[β [d]∆[d]q dq + β
[h]
q ∆
[h]
q h˜q ] , (52)
with the coefficients ∆
[d]
q and ∆
[h]
q given in Eq. (42). Here, for convenience we introduced
the β-factors: β [d] = −F [d] ′(0) and β
[h]
q = −F
[h] ′
q (0). Their numerical values are:
β [d] = 10.06 GeV−2, β [h]u = 5.44 GeV
−2, β
[h]
d = 5.55 GeV
−2, β [h]s = 2.10 GeV
−2. (53)
4. Limits on the quark EDMs and their phenomenological implications
Here, using Eq. (43) we extract the limits on the quark EDMs, dq, and CP-violating
couplings hq, from the existing experimental upper limit on the neutron EDM, shown in
Eq. (1). Assuming the absence of accidental cancellations between the different terms
in Eq. (43) we obtained the corresponding limits shown in the Table 1.
In order to discuss possible phenomenological implications of these limits and
compare them with the results of other approaches, it would be desirable to express
the individual quark EDMs in terms of more fundamental CP violating parameters
specifying the origin of CP violation.
The effective CP-odd Lagrangian in terms of the quark and gluon fields up to
operators of dimension six has the following standard form [35]-[39]:
L
CP/
eff(x) =
θ¯
16π2
tr(G˜µνG
µν)−
i
2
q¯ dEq σ
µν γ5 Fµν q −
i
2
q¯ dCq σ
µν γ5G
a
µν T
a q
−
1
6
CW f
abcGaµαG
bα
ν G
c
ρσ ε
µνρσ , (54)
where Gaµν is the gluon stress tensor, G˜µν =
1
2
ǫµνσρG
σρ is its dual tensor, and T a and
fabc are the SU(3) generators and structure constants, respectively. In this equation
the first term represents the SM QCD θ-term, while the last three terms are the non-
renormalizable effective operators induced by physics beyond the SM. The second and
third terms are the dimension-five electric and chromoelectric dipole quark operators,
respectively, and the last term is the dimension-six Weinberg operator [35]. The quark
EDMs, dEq = diag(d
E
u , d
E
d , d
E
s ), and quark chromoelectric dipole moments (CEDM),
dCq = diag(d
C
u , d
C
d , d
C
s ), form diagonal matrices in flavor space. The operators of the
above Lagrangian can be induced by physics beyond the SM after integrating out the
heavy degrees of freedom.
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The contribution of the QCD θ-term can be related to the parameters of the
Lagrangian (15) on the basis of the following standard reasoning. A chiral U(1)
transformation in flavor space allows one to remove the gluonic θ-term from the
Lagrangian (54) and pass it as a CP-violating complex phase to the quark mass
operators. For a small value of θ, the CP-violating term becomes (for details see
Refs. [13, 14, 40]):
L
str(0)
CPV = iθ¯m¯
∑
q=u,d,s
q¯(x)γ5q(x), (55)
where q(x) denotes a triplet in flavor space, and so this term is a flavor-SU(3) singlet.
The mass coefficient is:
m¯ =
mumdms
mumd +mums +mdms
, (56)
which would vanish if any of the quarks were massless. From this term one can construct
an effective chiral Lagrangian by introducing the chiral field eiγ5Φˆ/F and expanding it in
powers of Φˆ/F :
LstrCPV = iθ¯m¯q¯γ5 exp
(
iγ5
Φˆ
F
)
q = iθ¯m¯q¯γ5q − θ¯m¯q¯
Φˆ
F
q + O(Φˆ2) . (57)
For the reasons we gave after Eq. (15), the leading contribution to the EDFF comes
from the term linear in Φ in the expansion of Eq. (57). Comparing the Lagrangians in
Eqs. (15) and (57) we obtain the contribution of the θ-term to the parameter hq which
is, naturally, flavor-blind:
hq = h
BSM
q + θ¯ m¯ I3×3 , (58)
where I3×3 is the unit matrix in flavor space. Here we have singled out the part
hBSMq which does not contain the θ contribution but is due to the other terms in the
Lagrangian (54).
In order to relate the parameters dq and h
BSM
q of the Lagrangian (15) with the
parameters dEq , d
C
q and CW of the Lagrangian (54) we apply a simplified approach
relying on the so-called na¨ıve dimensional analysis [35, 41, 42]. In this way one obtains
the following order-of-magnitude relations:
dq = d
E
q +
e
4π
dCq +
eΛ
4π
CW , (59)
hBSMq =
Λ2
4π
dCq +
Λ3
4π
CW . (60)
We assume all the operators in Eq. (54) to be normalized at an energy scale of about
1 GeV, where the perturbative quark-gluon picture is still reasonable and, on the other
hand, occurs an overlap with the chiral symmetry breaking scale Λχ = 4πFπ ≃ 1.2
GeV, which corresponds to the normalization scale of the Lagrangian (15). Thus, all
the parameters in Eqs. (59) and (60) are at the same scale Λχ ≃ 1.2 GeV. In such a case,
it is also natural to identify the parameter Λ with Λχ. In a specific model beyond-SM,
the parameters of the effective Lagrangian (54) could be calculable in terms of the model
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parameters at some high energy scale. These parameters then must be QCD-evolved
down to the hadronic scale Λχ corresponding to the scale of the neutron EDM. The
renormalization-group relations of the parameters dEq , d
C
q , CW in Eqs. (59) and (60)
with their values calculated at a high energy scale can be found in Refs. [36, 43].
Now, using Eqs. (58), (59), (60) in Eq. (43), we can express the neutron EDM in
terms of the more “fundamental” parameters θ¯, dEq , d
C
q and CW of the Lagrangian (54)
as
dn =
∑
q=u,d,s
(zEq d
E
q + z
C
q d
C
q ) + zW ΛχCW + (θ¯ zθ × 10
−16 e · cm) . (61)
The numerical values of the z-coefficients are given in Table 2, where we also present for
comparison the values of these coefficients derived in some other approaches: QCD sum
rules [25, 44], parton quark model [45], SU(6) model [46], MIT bag model [13], current
algebra [14], effective chiral approach [16], HBChPT [17], chiral bag model [19], cloudy
bag model [20], chiral quark-meson model [21] and extensions of SM [47]-[50].
Notice that our results for the coefficient zθ is dominated by the pion-loop diagram.
The kaon-cloud contribution is smaller that the pion contribution by a factor ∼ 1/28:
zθ = z
π
θ + z
K
θ = 1.42 , (62)
zπθ = 1.37 , z
K
θ = 0.05 .
Using Eqs. (58), (59), (60) in Eq. (52), we can write for the electron-neutron Schiff
moment the following expression:
S ′ =
∑
q=u,d,s
(sEq d
E
q + s
C
q d
C
q ) + sW Λχ CW + (θ¯ sθ × 10
−16 e · cm) . (63)
where numerical values of the s-coefficients are
sEu = − 4.86 GeV
−2 , sEd = 17.85 GeV
−2 , sEs = −0.09 GeV
−2 ,
sCu = 0.41 GeV
−2 , sCd = 1.62 GeV
−2 , sCs = 0.004 GeV
−2 , (64)
sW = 2.04 GeV
−2 , sθ = 7.72 ,
and where the separate contributions of pion and kaon meson-loop diagram in Fig. 1a
to the coupling sθ are s
π
θ = 7.62 and s
K
θ = 0.1.
Now, using Eq. (61), we can extract upper limits for the parameters θ¯, dq, h˜q, d
E
q ,
dCq and CW from the current experimental bound on neutron EDM in Eq. (1). These
limits are shown in the Table 1. In their derivation we assumed the dominance of
each term at a time, thus assuming the absence of significant cancellations between the
different terms contributing to the neutron EDM.
We note that, in comparison with the conventional valence quark model which
predicts for the neutron EDM
dn =
4
3
dd −
1
3
du , (65)
the PCQM predicts a small but non-negligible contribution from the strange quark
EDM, which appears due to the K-meson loop diagram in Figs. 1a and 1c. In Table 2
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we show the predictions for the neutron EDM of some other approaches. With the
values of the corresponding z-coefficients it is straightforward to derive upper limits on
the CP-violating parameters of the Lagrangian (54) within the cited approaches. A
general summary is that our limits are less stringent. Notice that all the approaches
cited in Table 2, including the PCQM, were successful in describing various properties of
baryons, and yet they disagree in the CP-violating sector, as they predict different values
of the neutron EDM. This a manifestation of a strong hadronic model dependence in the
estimates of the neutron EDM. In view of that, the existing EDM limits on fundamental
CP violating parameters could only be treated as a hint for model building rather than
as stringent limits.
5. Summary and Conclusions
In this work we applied the perturbative chiral quark model to the calculation of the
electric dipole form factor and electric dipole moment of the neutron. We parameterized
a generic effect of CP violation in terms of the effective quark electric dipole moments
and strong CP-violating quark couplings to the chiral fields, which could have different
sources at some more fundamental level. We considered the relations between these
effective parameters of the quark-meson Lagrangian with more fundamental parameters
of the CP-odd quark-gluon Lagrangian. The latter includes the SM θ-term and the
operators which originate from physics beyond the SM, such as the chromoelectric
and electric quark dipole moment operators, as well as the Weinberg term. From the
existing limits on the neutron EDM we extracted the limits on the individual effective
quark EDMs and on the aforementioned more fundamental CP violating parameters,
adopting the approach based on the so called na¨ıve dimensional analysis. A general
conclusion we made from the comparison of these results with other approaches is that
our limits are significantly less stringent. This could be treated as a manifestation of a
strong dependence of the predictions for the neutron EDM on the details of the hadronic
structure models.
Acknowledgments
This work was supported in part by the DAAD under contract 415-ALECHILE/ALE-
02/21672, by the FONDECYT projects 1030244, 1030254, 1030355, by the DFG under
contracts FA67/25-3 and GRK683. This research is also part of the EU Integrated
Infrastructure Initiative Hadronphysics project under contract number RII3-CT-2004-
506078 and President grant of Russia ”Scientific Schools” No. 5103.2006.2. K.P. thanks
the Development and Promotion of Science and Technology Talent Project (DPST),
Thailand for financial support. C.D. thanks the Institute of Theoretical Physics at the
University of Tu¨bingen, Germany, for its kind hospitality. V.E.L. thank the Institute
of the Departamento de F´ısica at the Universidad Te´cnica Federico Santa Mar´ıa of
Valpara´ıso, Chile, respectively, for their kind hospitality.
The neutron electric dipole form factor in the perturbative chiral quark model 17
[1] J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).
[2] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1.
[3] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).
[4] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967)]; Sov. Phys.
Usp. 34, 392 (1991) [Usp. Fiz. Nauk 161, 61 (1991)].
[5] N. Fortson, P. Sandars and S. Barr, Phys. Today 56N6, 33 (2003); J. S. M. Ginges and
V. V. Flambaum, Phys. Rept. 397, 63 (2004) [arXiv:physics/0309054]; I. B. Khriplovich and
S. K. Lamoreaux, CP Violation Without Strangeness: Electric Dipole Moments of Particles,
Atoms, and Molecules (Springer, Berlin, 1997); V. F. Dmitriev and I. B. Khriplovich, Phys.
Rept. 391, 243 (2004) [arXiv:nucl-th/0309083].
[6] J. Erler and M. J. Ramsey-Musolf, Prog. Part. Nucl. Phys. 54, 351 (2005) [arXiv:hep-ph/0404291].
[7] A. A. Belavin, A. M. Polyakov, A. S. Shvarts and Y. S. Tyupkin, Phys. Lett. B 59, 85 (1975).
[8] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976); ibid Phys. Rev. D 14, 3432 (1976) [Erratum-ibid. D
18, 2199 (1978)].
[9] R. Jackiw and C. Rebbi, Phys. Rev. Lett. 37, 172 (1976); C.G. Callan, R.F. Dashen and D.J. Gross,
Phys. Lett. 63B, (1976).
[10] R. J. Crewther, Acta Phys. Austriaca Suppl. 19, 47 (1978).
[11] E. P. Shabalin, Sov. Phys. Usp. 26, 297 (1983) [Usp. Fiz. Nauk 139, 561 (1983)].
[12] P. G. Harris et al., Phys. Rev. Lett. 82, 904 (1999).
[13] V. Baluni, Phys. Rev. D 19, 2227 (1979).
[14] R. J. Crewther, P. Di Vecchia, G. Veneziano and E. Witten, Phys. Lett. B 88, 123 (1979) [Erratum-
ibid. B 91, 487 (1980)].
[15] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).
[16] A. Pich and E. de Rafael, Nucl. Phys. B 367, 313 (1991).
[17] B. Borasoy, Phys. Rev. D 61, 114017 (2000) [arXiv:hep-ph/0004011].
[18] J. Hisano and Y. Shimizu, Phys. Rev. D 70, 093001 (2004) [arXiv:hep-ph/0406091].
[19] M. M. Musakhanov and Z. Z. Israilov, Phys. Lett. B 137, 419 (1984).
[20] M. A. Morgan and G. A. Miller, Phys. Lett. B 179, 379 (1986).
[21] J. A. McGovern and M. C. Birse, Phys. Rev. D 45, 2437 (1992).
[22] S. Aoki and A. Gocksch, Phys. Rev. Lett. 63, 1125 (1989) [Erratum-ibid. 65, 1172 (1990)]; S. Aoki,
A. Gocksch, A. V. Manohar and S. R. Sharpe, Phys. Rev. Lett. 65, 1092 (1990); D. Guadagnoli,
V. Lubicz, G. Martinelli and S. Simula, JHEP 0304, 019 (2003) [arXiv:hep-lat/0210044].
[23] E. Shintani et al., Phys. Rev. D 72, 014504 (2005) [arXiv:hep-lat/0505022].
[24] V. M. Khatsimovsky, I. B. Khriplovich and A. S. Yelkhovsky, Annals Phys. 186, 1 (1988);
V. M. Khatsymovsky and I. B. Khriplovich, Phys. Lett. B 296, 219 (1992).
[25] M. Pospelov and A. Ritz, Nucl. Phys. B 573, 177 (2000) [arXiv:hep-ph/9908508]; M. Pospelov
and A. Ritz, Phys. Rev. Lett. 83, 2526 (1999) [arXiv:hep-ph/9904483].
[26] M. B. Hecht, C. D. Roberts and S. M. Schmidt, Phys. Rev. C 64, 025204 (2001)
[arXiv:nucl-th/0101058].
[27] V. E. Lyubovitskij, T. Gutsche and A. Faessler, Phys. Rev. C 64, 065203 (2001)
[arXiv:hep-ph/0105043]; V. E. Lyubovitskij, T. Gutsche, A. Faessler and R. Vinh Mau, Phys.
Lett. B 520, 204 (2001) [arXiv:hep-ph/0108134]; T. Inoue, V. E. Lyubovitskij, T. Gutsche
and A. Faessler, Phys. Rev. C 69, 035207 (2004) [arXiv:hep-ph/0311275]; S. Cheedket,
V. E. Lyubovitskij, T. Gutsche, A. Faessler, K. Pumsa-ard and Y. Yan, Eur. Phys. J. A 20, 317
(2004) [arXiv:hep-ph/0212347]; K. Khosonthongkee, V. E. Lyubovitskij, T. Gutsche, A. Faessler,
K. Pumsa-ard, S. Cheedket and Y. Yan, J. Phys. G 30, 793 (2004) [arXiv:hep-ph/0403119];
Y. B. Dong, A. Faessler, T. Gutsche, J. Kuckei, V. E. Lyubovitskij, K. Pumsa-ard and P. Shen,
J. Phys. G 32, 203 (2006) [arXiv:hep-ph/0507277].
[28] T. T. Takahashi, H. Matsufuru, Y. Nemoto and H. Suganuma, Phys. Rev. Lett. 86, 18 (2001)
[arXiv:hep-lat/0006005].
[29] R. Tegen and W. Weise, Z. Phys. A 314, 357 (1983).
The neutron electric dipole form factor in the perturbative chiral quark model 18
[30] E. Oset, R. Tegen and W. Weise, Nucl. Phys. A 426, 456 (1984) [Erratum-ibid. A 453, 751 (1986)].
[31] T. Gutsche and D. Robson, Phys. Lett. B 229, 333 (1989).
[32] G. A. Miller and A. W. Thomas, Phys. Rev. C 56, 2329 (1997) [arXiv:nucl-th/9707015].
[33] S. Thomas, Phys. Rev. D 51, 3955 (1995) [arXiv:hep-ph/9402237].
[34] W. H. Hockings and U. van Kolck, Phys. Lett. B 605, 273 (2005) [arXiv:nucl-th/0508012].
[35] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989); D. A. Dicus, Phys. Rev. D 41, 999 (1990).
[36] R. Arnowitt, J. L. Lopez and D. V. Nanopoulos, Phys. Rev. D 42, 2423 (1990).
[37] M. Pospelov and A. Ritz, Phys. Rev. D 63, 073015 (2001) [arXiv:hep-ph/0010037].
[38] S. Khalil, Int. J. Mod. Phys. A 18, 1697 (2003) [arXiv:hep-ph/0212050].
[39] D. A. Demir, M. Pospelov and A. Ritz, Phys. Rev. D 67, 015007 (2003) [arXiv:hep-ph/0208257].
[40] K. Fujikawa, Phys. Rev. Lett. 42, 1195 (1979).
[41] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984).
[42] H. Georgi and L. Randall, Nucl. Phys. B 276, 241 (1986).
[43] G. Degrassi, E. Franco, S. Marchetti and L. Silvestrini, JHEP 0511, 044 (2005)
[arXiv:hep-ph/0510137].
[44] K. A. Olive, M. Pospelov, A. Ritz and Y. Santoso, Phys. Rev. D 72, 075001 (2005)
[arXiv:hep-ph/0506106].
[45] S. Abel and S. Khalil, Phys. Lett. B 618, 201 (2005) [arXiv:hep-ph/0412344].
[46] X. G. J. He, B. H. J. McKellar and S. Pakvasa, Int. J. Mod. Phys. A 4, 5011 (1989) [Erratum-ibid.
A 6, 1063 (1991)].
[47] J. F. Gunion and D. Wyler, Phys. Lett. B 248, 170 (1990).
[48] I. B. Khriplovich, Phys. Lett. B 382, 145 (1996) [arXiv:hep-ph/9604212].
[49] X. G. He, B. H. J. McKellar and S. Pakvasa, Phys. Lett. B 254, 231 (1991).
[50] I. I. Y. Bigi and N. G. Uraltsev, Nucl. Phys. B 353, 321 (1991).
The neutron electric dipole form factor in the perturbative chiral quark model 19
Table 1. Upper limits on the CP-violating parameters of the Lagrangians in
Eqs. (15), (54) and CPVCs h˜q; the high-energy constants d
E
q , d
C
q and from the current
experimental bound on the neutron EDM in Eq. (1). All numbers are given in units
of 10−25 e·cm.
Parameter u d s
|dq| 2.0 0.5 105.0
|h˜q| 0.4 0.4 12.6
|dEq | 1.3 0.4 68.6
|dCq | 6.4 2.9 174.7
|θ¯| 0.4
|CW Λχ| 2.0
Table 2. Theoretical estimates of z-coefficients in Eq. (61) in various approaches.
Parameter Approaches This work
zEu - (0.35 ± 0.15) [44] ; -0.78 [45] ; -1/3 [46] -0.48
zEd (1.4 ± 0.6) [44] ; 1.14 [45] ; 4/3 [46] 1.77
zEs -0.35 [45] -0.01
zCu 0.48 [18] ; (0.165 ± 0.075) [44] ; 0.05 [47] ; 0.10
4/9 e ≃ 0.135 [46]
zCd 0.39 [18] ; (0.33 ± 0.15) [44] ; 0.05 [47] ; 0.21
8/9 e ≃ 0.270 [46]
zCs 0.08 [18] ; 0.05 [47] ; 0.03 [48] ; 0.008 [49] 0.004
zW ∼ 0.085 [35] ; ∼ 0.017 [44] ; ∼ 0.01 [50] 0.094
zθ 2.7 [13]; 3.6 [14]; 3.3 [16]; 6.7 [17]; 3.0 [19]; 1.42
1.4 [20]; 1.17 [21]; 2.4 [25]
  
(a) (b) (c)
Figure 1. The contributions to the neutron EDM: “h-term” diagram (a), “tree-level
d-term” diagram (b) and “one-loop d-term” diagram (c). The black filled squares
correspond to the CP-violating vertices of the Lagrangian (15) or the current (21).
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Figure 2. The contributions from pion and kaon loops to the neutron EDM form
factor induced by strong CP-violating θ-term, where D
[θ]
n (Q2) ≡ D
[h]
n (Q2) at the limit
hq ≡ θ m¯ I3×3 .
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Figure 3. The d-quark contribution to the neutron EDM form factor via its intrinsic
EDM (solid line) and CP-odd coupling to mesons (dashed line). The plotted form
factors are: F
[d]
n,d(Q
2) = ∆
[d]
d F
[d](Q2) (solid line) and F
[h]
n,d(Q
2) = ∆
[h]
d F
[h]
d (Q
2)
(dashed line).
